Abstract: A series of novel fluorinated poly(ether imide)s (PEIs) IVa-h were synthesized from 4,4'-(2,5-tolylenedioxy)diphthalic anhydride (I) and various trifluoromethyl-substituted aromatic bis(ether amine)s (IIa-h) via a conventional two-step method with thermal or chemical imidization of the precursor poly(amic acid)s. These PEIs were readily soluble in a variety of organic solvents; they were soluble with a concentration higher than 10% in amide-type polar solvents, ether type solvents, and chlorinated hydrocarbons. The solution-cast films showed a high optical transparency and low color intensity, with an ultraviolet-visible absorption edge of 371-377 nm and low b* values (a yellowness index) of 4.9-7.5. These films were strong and tough with tensile strength of 90-103 MPa. They exhibited glass-transition temperatures (T g ) in the range of 207-293 o C, with 10% weight loss temperature in excess of 500 o C in air or nitrogen atmosphere. They also showed low-dielectric constants (2.95-3.37 at 1 MHz) and low moisture absorption (0.20-0.67 wt %).
Introduction
Aromatic polyimides have attracted much interest in microelectronics applications because of their high thermal stability and dielectric performance [1, 2] . However, poor processability in their imidized forms generally limit their application because of high softening temperatures and insolubility. Considerable research efforts have been focused on the synthesis of soluble polyimides that retain the attractive properties of this kind of polymers [3, 4] . Typical approaches include the introduction of flexible linkages [5, 6] , bulky lateral groups [7] [8] [9] , kinked or unsymmetrical units [10] [11] [12] , and spiro-skeletons [13] [14] [15] [16] into the polymer backbone. Another obstacle that may hinder extending the applications of aromatic polyimides in optoelectronic materials is the light or dark-yellow color of their films caused by the intramolecular and intermolecular charge transfer complex (CTC) between alternating electron-donor (diamine) and electron-acceptor (dianhydride) moieties [17] . By minimizing or eliminating CTC formation, low color or virtually colorless polyimide films with improved transparency can be obtained [18, 19] . Colorless soluble polyimides can be obtained by using aliphatic dianhydride or diamine monomers [20] [21] [22] [23] ; however, the long term thermal stability is somewhat decreased due to the incorporation of less stable aliphatic segments. Recently, considerable attention has been devoted to the fluorinated aromatic polyimides, especially trifluoromethyl (CF 3 )-containing polyimides [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] . It was found that the incorporation of bulky CF 3 groups into polyimide backbones resulted in an enhanced solubility and optical transparency together with a lowered dielectric constant, which attributed to low polarizability of the C-F bond and the increase in free volume. The fluorinated polyimides also provided other merits such as good thermal and thermo-oxidative stability and low moisture absorption.
Poly(ether imide)s (PEIs) have received great attention because they may provide good processability owing to the presence of flexible ether linkages. The development of nucleophilic displacement reactions, and nitrodisplacement reactions in particular, has led to the development of a large class of PEIs from bis(ether anhydride)s and various aromatic diamines [34] [35] [36] . An important example is Ultem 1000 resin developed and commercialized by General Electric Co. [37] , which exhibits reasonable thermal stability and good mechanical properties together with good moldability.
Several papers and patents disclose nitrodisplacement reactions with hydroquinone and subsequent conversion of the intermediate to the bis(ether anhydride) [34] [35] [36] [37] [38] [39] [40] , which is readily reacted with aromatic diamines to PEIs with 1,4-linked phenyleneether units. We have previously reported the synthesis and properties of PEIs derived from 4,4'-(2,5-tolylenedioxy)diphthalic anhydride (I) [40] . The reported PEIs exhibit reduced T g as compared to conventional polyimides because of the incorporation of flexible ether linkages in the backbone, but the solubility is still not satisfactory. This work deals with the synthesis and basic characterization of a series of new fluorinated PEIs derived from bis(ether anhydride) I with several CF 3 -containing bis(ether amine)s. In addition to the steric effect contributed to the bulky -CF 3 group, the obtained PEIs should exhibit reduced intra-and intermolecular CT interactions because of the decrease in both the electron-donating property of the diamine moiety (caused by the electron-withdrawing CF 3 pendants) and the electronaccepting property of the dianhydride moiety (caused by the electron-donating ether group). These fluorinated PEIs are, thus, more soluble and less colored than conventional polyimides and their counterparts derived from CF 3 -free diamines. PAA IIIa-h (R=CF 3 ); III'a-h (R=H)
Results and discussion
A novel series of PEIs IVa-h were synthesized from bis(ether anhydride) I and various fluorinated diamines (IIa-h) in DMAc, followed by thermal or chemical imidization of intermediate poly(amic acid)s (PAA IIIa-h) (Scheme 2). For comparison, the analogous non-fluorinated PEIs (the V series) were also prepared and characterized. The inherent viscosities and average molecular weights of the obtained PEIs IVa-h are listed in Tab. 1.
Scheme 2. Synthesis of poly(ether imide)s.
PEIs IVa-h had inherent viscosities in the range of 0.7-1.4 dL/g, and the values of Mn and Mw were recorded in the range of 25,000-50,000 and 41,000-74,000, respectively, relative to standard polystyrene. The polydispersity index (PDI) of the IV series is in the range of 1.5-1.7.
The typical FTIR spectra of PAA IIIa and PEI IVa are shown in Fig. 1 The transmission UV-visible spectra were measured for the thin films of all PEIs. Typical UV-visible spectra of some representative PEI films are illustrated in Fig. 2 . All fluorinated PEI films exhibited cut-off wavelengths shorter than 400 nm and were entirely transparent and colorless. As shown in Table 4 , the IV(C) PEIs showed a very low yellowness index (b*) of 5.3-7.5. The slightly higher yellowness index of the thermally imidized PEI films might be a result of thermal oxidation of chain-end amino groups. All the PEIs containing the CF 3 group revealed slightly lower cut-off wavelengths and lower b* values than their respective CF 3 -free counterparts. The bulky and electron-withdrawing CF 3 group in the diamine moieties was presumably effective in decreasing CT complexes between polymer chains through steric hindrance and the inductive effect (by decreasing the electron-donating property of diamine moieties). The electron-donating ether groups in the dianhydride moiety also contribute somewhat toward decreasing the overall electron affinity of the phthalimide units, and subsequently lower the intermolecular CT interaction. Thus, almost all the IV series PEIs could be cast into optically transparent and colorless films. For comparison, the color co-ordinates and cut-off wavelengths of the V series PEIs and some common polyimides synthesized from commercially available aromatic dianhydrides with a non-fluorinated bis(ether amine) II'a are also given in Table 4 . The films of common polyimides PMDA/II'a and BTDA/II'a appeared with a deep yellow color and revealed a relatively high b* value above 80. The ODPA/4'a polyimide was pale yellow in color and showed a lowered b* value of 30.4. In contrast to these conventional polyimides, the film of Va(H) showed a very low b* value of 18.9. Thus, it seems to be that the dianhydride structure is more influential in determining the color intensity of polyimides than the diamine structure. The tensile properties of the polyimide films are reported in Table 5 . These polymer films showed similar type of behavior with respect to the elastic deformation range at small strains. The IV series PEIs showed tensile strengths at break of 90-103 MPa, elongations at break of 12-16%, and initial moduli of 1.7-2. properties of the IV series PEIs are comparable with those of the V series analogs. These results indicate that the incorporation of the CF 3 group into the structure of PEIs not only improves solubility but also retains the good mechanical properties. All these polymer films possess good tensile properties indicating that they are strong materials. The thermal behavior data of the PEIs, collected from DSC and TGA curves, are also summarized in Table 5 . The T g values of the IV(H) series PEIs , determined by DSC, are in the range of 207-293 °C. The decreasing order of T g values generally correlated with the flexibility of the diamine moieties. PEI IVf(H) showed the lowest T g values (207 ℃) because of the presence of flexible isopropyldiene linkage, whereas PEI IVe(H) exhibited the highest T g value of 293 °C due to the presence of rigid tetramethylbiphenyl unit in the diamine moiety. As expected, the methyl-or t-butylsubstituted PEIs exhibited higher T g values than the corresponding unsubstituted PEIs due to the hindrance effect of the chain rotation in the substituted polymers. In most cases, slightly decreased T g values for the IV series compared to the V series might be a result of reduced electronic interactions and less dense packing caused by the bulky pendent CF 3 groups. The thermal stability of the thermally cured PEIs was evaluated by dynamic TGA conducted at a heating rate of 20 °C/min. The temperatures of 10% weight loss (T 10 ) in nitrogen and air atmospheres were determined from original TGA thermograms. The T 10 values of the IV(H) series were recorded in the range of 493-557 C in nitrogen and 492-554 C in air, comparable to or slightly higher than those of the V analogs. They left more than 41% char yield at 800 o C in nitrogen. It is quite reasonable that the methyl-or t-butyl-substituted PEIs began to decompose at lower temperatures compared with the unsubstituted ones. The TGA data indicate that these fluorinated PEIs had high thermal stability regardless of the introduction of CF 3 groups.
Tab
The dielectric constants of the thermally imidized PEI films are listed in Table 6 . The IV(H) series had lower dielectric constants (2.95-3.37 at 1 MHz) than the corresponding nonfluorinated homologues V series (3.19-3.73 at 1 MHz). The decreased dielectric constants could be attributable to the presence of bulky CF 3 groups in the polymer chains. The strong electronegativity of the fluorine atom resulted in very low polarizability of the C-F bonds, combined with the high free volumes of the CF 3 group, and endowed the PEIs with lowered dielectric constants. Besides, IVg and Vg exhibited the lowest dielectric constants in each series because of the additional bulky hexafluoroisopropylidene group in diamine moieties. 
Conclusions
A series of novel fluorine-containing PEIs (IVa-IVh) were synthesized from 4,4'-(2,5-tolylenedioxy)diphthalic anhydride (I) with various CF 3 -substituted aromatic bis(ether amine)s by two-step thermal or chemical imidization method. These poly(ether imide) films showed excellent solubility in various organic solvents, including low boiling point solvents, and could be cast into virtually colorless and strong films. They also exhibited moderately high T g s and good thermal stability, together with low dielectric constants. Thus, this series of PEIs demonstrated a good combination of properties and may be of interest for optical and optoelectronic applications.
Experimental part

Materials
According to a well-developed synthetic method [41] [42] [43] [44] [45] [46] [47] [48] , the trifluoromethylated aromatic bis(ether amine)s were prepared from the chloro-displacement of 2-chloro-5-nitrobenzotrifluoride with corresponding aromatic diols in the presence of potassium carbonate in dimethyl sulfoxide (DMSO), followed by Pd/C-catalyzed hydrazine reduction; they included 1,4-bis(4-amino-2-trifluoromethylphenoxy)-benzene (IIa; mp = 132-133 C) [41] [47] , and 9,9-bis[4-(4-amino-2-trifluoromethylphenoxy)phenyl]fluorene (mp: 239-240 C, IIh) [48] . N,N-Dimethylacetamide (DMAc) was purified by distillation under reduced pressure over calcium hydride and stored over 4 Å molecular sieves.
Synthesis of 4,4'-(2,5-tolylenedioxy)diphthalic anhydride (I)
The bis(ether anhydride) monomer, 4,4'-(2,5-tolylenedioxy)diphthalic anhydride (I), was synthesized according to a well-developed method by a three-step reaction [40] . Bis(ether anhydride)s I (10.7 g, 77%; mp: 221 C) was synthesized starting from the nitro-displacement reaction of 4-nitrophthalodinitrile (13.80 g, 100 mmol) with methylhydroquinone (6.21 g, 50 mmol) in DMF or DMSO (100 mL) and toluene (70 mL) mixture in the presence of potassium carbonate as the base, followed by the alkaline hydrolysis of the intermediate bis(ether dinitrile), 4,4'-(2,5-tolylene dioxy)diphthalonitrile (I'), (13.7 g, 81% yield; mp: 215 C) and the cyclodehydration by chemical method with acetic anhydride of the resulting bis(ether diacid), 4,4'-(2,5-tolylenedioxy)diphthalic acid (I"), (15.12 g, 85% yield). The synthetic route is outlined in Scheme 1. FTIR spectra (Fig. 3) , 1 H NMR spectra (Fig. 4) , 13 C NMR (Fig. 5 ) spectra, and elemental analysis were used to confirm the structure, and the spectroscopic data are listed as follows. 
Synthesis of Polyimides (a)Thermal imidization (H)
The synthesis of PEI IVa was used as example to illustrate the general synthetic route. Diamine IIa (0.2996 g, 0.7 mmol) was dissolved in 4.6 mL dried DMAc. After IIa was completely dissolved, dianhydride I (0.2912 g, 0.7 mmol) was added to the solution in one portion. The mixture was stirred at room temperature for 10 h to form a viscous PAA solution. The PAA solution then was poured into a glass culture dish (diameter 7 cm), which was placed in a 100 C oven for 1 h to remove the solvent. The semidried PAA film was further dried and imidized by sequential a heating rating of 2 C/min to 250 C, then held at 250 C for 30 min. By being soaked in water, a flexible film of 
